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Introduction
Copper (Cu) is a redox-active transition element with roles in photosynthesis, respiration, C and N metabolism, and protection against oxidative stress. It forms highly stable complexes and participates in electron transfer reactions like Fe. Divalent Cu is reduced readily to monovalent Cu which is unstable (Broadley et al. 2012) . It is an essential micronutrient, a constituent of the plastocyanin chloroplast protein, and a component of the electron transport system linking Photosystems I and II in the photosynthetic process. Copper participates in protein and carbohydrate metabolism and N 2 fixation. It is a component of some enzymes that reduce atoms of molecular oxygen (cytochrome oxidase, ascorbic acid oxidase, and polyphenol oxidase) and is involved in the desaturation and hydroxylation of fatty acids (Jones 2003) . That means most of the functions of Cu as a plant nutrient are based on enzymatically bound Cu which catalyses redox reactions.
In redox reactions of the terminal oxidases, Cu enzymes react directly with molecular oxygen. Terminal oxidation in living cells is therefore catalysed by Cu and not by Fe (Broadley et al. 2012 ).
Due to versatile properties, Cu has a wide range of applications in different fields. It can be used for the production of various conductor materials such as fertilizers and pesticides. Due to its bacteriostatic properties, it can be also added to animal fodder (Kabata-Pendias 2011). It is well known that, the use of Cu-based fungicides in vineyard soils is widely documented worldwide. Thus, vineyard soils in Greece, France, Slovenia, Portugal, and the Czech Republic have been found to contain concentrations in excess of 100 mg kg −1 , above which the biological quality of the soils is substantially degraded through a strong effect on microbial action. Excessive concentrations of Cu can be hindered topsoil rooting in young vines. Also, there is the risk of Cu accumulating in river water or even river sediments by effect of erosion-induced mass movements in 8 Elhawat, N., Alshaal, T. A., Kratz, S., Domokos-Szabolcsy, É., El-Ramady, H. R., Prokisch, J., Eszenyi, P., Sztrik, A., Babka, B. and Fári, M. Cu-contaminated soils, resulting in potential environmental problems (Fernández-Calviño et al. 2009a ).
Therefore, this review focuses on the occurrence and behavior of Cu in horticultural soils and plants with relevance to the potential risks associated with Cu in the soils of horticultural properties to be developed for residential use.
Typical Cu concentrations in soils
It is well documented that, Cu has been part of the human civilizations since ancient times up to present days. This element has a history of use that is at least 10,000 years old, and estimates of its discovery place it at 9000 BC in the Middle East; a Cu-pendant was found in northern Iraq that dates to 8700 BC (Rusjan 2012) . Cu fabricated in Mesopotamia was quickly introduced to the the Egyptian Empire, where its use flourished thousands of years. These peoples used Cu for the fabrication of different jewels, ornaments, but also in the fields of armament and tools. They soon realized that pure Cu, because of its softness, is not suitable for shaping tools used in agriculture, cultivation. Later, in the era of the Romans other metals, especially iron and bronze as the main metals in weaponry, gained in importance. In that time, Cu was first used also for architectural intentions, what can be witnessed on the roof sheathing of the Pantheon (Rusjan 2012) .
The general values for the average total Cu contents in soils of different groups all over the world range between 14 and 109 mg kg -1 (Kabata-Pendias 2011). The concentration of Cu in a soil can be increased by applying fertilizers or organic wastes containing Cu. Piggery wastes and digested urban sewage may contain relatively large concentrations of Cu. The soils in horticultural areas may also contain elevated concentrations of Cu as a result of using Cu compounds to control plant pests and diseases (Cornforth et al. 2003) . The regularity in large-scale Cu occurrence in soils indicates that two main factors including parent material and soil formation processes govern the initial Cu status of soils. Also, the clay fraction contributes significantly to the Cu content of soils. Other soil properties, such as Fe and Mn oxides, and base saturation, explain about 15-25% of all impact factors (Kabata-Pendias 2011).
It is showed that Cu concentrations varied from 7 to 490 mg kg -1 in a survey of 43 horticultural soils in the Auckland area, New Zealand (Gaw 2002). Sites currently being used for orchards had an average concentration of 209 mg kg -1 Cu, whereas vineyard soils had an average of 105 mg kg -1 . About the background Cu concentrations in the soils of forest remnants were 10 mg kg -1 as reviewed by Cornforth et al. (2003) . Generally, Cu is accumulated in the upper few centimeters of soils, however, due to its tendency to be adsorbed by soil clay minerals, carbonates, organic matter, and oxyhydroxides of Mn and Fe, it may be also accumulated in deeper soil layers. It is reported that, humic acids are to reveal a large binding capacity for this metal (Logan et al. 1997 ).
On the other hand, Cu is a rather immobile element in soils and shows relatively little variation in total contents of soil profiles. Thus, the common characteristic of Cu distribution in soil profiles is its accumulation in the top horizons. This phenomenon is an effect of various factors, but above all, Cu concentration in surface soils reflects its bioaccumulation as well as its anthropogenic sources (Kabata-Pendias 2011 
Effects of Cu-agrochemicals on soils
Soil contamination by Cu compounds has been the subject of detailed studies for several decades and a large database has been already collected and presented in a number of monographs and papers. In this context, several significant sources such as fertilizers, agrochemicals, manures, sewage sludge, industrial by-product wastes and the quality of irrigation waters have contributed to increased Cu levels to agricultural soils (Kabata-Pendias and Mukherjee 2007). Cu contamination to agricultural soils has been accelerated due to its wide and repeated use in horticulture and agriculture as fertilizers or fungicides to protect vines, citrus trees, and other fruit crops against fungus diseases (He et al. 2005 ). Due to a long history of vineyard or citrus production, Cu has accumulated in the soils. A large proportion of soils under citrus production contains total Cu content above 85 mg kg -1 , the critical level for ecosystem health (Schuler and Hoang 2008) . Soil pollution with Cu causes soil degradation, Cu phytotoxicity, and increased transport of Cu to surface and ground waters (He et al. 2010).
It is well documented that, the most important sources of Cu contamination include old mining area, deactivated Cu ore plant, nonferric metal mining, metal-processing industry, urban gardens, orchards, and parks, sludged, irrigated, or fertilized farmland, application of fungicides, vineyard soils, and military shooting range (Kabata-Pendias 2011). Dry and wet deposition around mining and smelting sites, wastewater irrigation, compost application, including municipal waste, sewage sludge or their combination, and spraying of heavy metal-containing pesticides or herbicides have been reported to contribute to the input of anthropogenic Cu and other heavy metals into agricultural soils (Yu et al. 2004 ). From the background Cu concentrations in unpolluted soils, it is found that this concentration is influenced by the parent material from which the soils are formed and reach an average of 30 mg kg −1 . As of other metals, its solubility is greatly dependent on soil pH and will be most readily available at pH values below 6 ( Table 1 
I. Behavior of Cu in soils

II. Bioavailability and toxicity of Cu in horticultural soils
It is well known that, since about 1850, Cu containing fungicides have been used to protect crops from fungal infections such as downy mildew (Plasmopara viticola). Thus, intensive and long term use of these fungicides has increased soil Cu concentrations and this is likely most pronounced in vineyards ( The phytotoxicity of Cu is the highest in acidic soils with a low cation exchange capacity. Cu phytotoxicity to agricultural plants grown on calcareous soils from former vineyards has been observed as well (Michaud et al. 2007) . Although Cu concentrations in roots are a good indicator of 
III. Pollution of horticultural soils with Cu
As mentioned before, the mixtures of Cu sulphate and lime (Bordeaux mixture) have been widely used in pome and stone fruit orchards, vineyards and vegetable crops to control fungal diseases for over 100 years (Merry et al. 1983 ). However, foliar application of these fungicides leads to a significant input of Cu to soil, through direct application, dripping, or drift of excess sprays from leaf surfaces (Chaignon et al. 2003) 
Forms and accumulation of soil Cu in plants
It is well know that, the difference between optimum and toxic concentrations of Cu in many economically important crops is very small. Normal and phytotoxic concentrations of Cu in plant leaves are 5-20 and 20-300 mg kg It is well documented that, the bioavailability of soluble forms of Cu depends basically on both the molecular weight of Cu complexes and on the amounts present. Compounds of a low molecular weight liberated during decay of plant and animal residues as well as those applied with sewage sludge may greatly increase the availability of Cu to plants (KabataPendias 2011). It should be also emphasized, however, that concentrations of Cu in soil solutions are principally controlled by both the reactions of Cu with active groups at the surface of the solid phase and by reactions of Cu with specific substances. The behavior, phytobioavailability and toxicity of Cu are influenced by its species, and are not a function of its total concentration (Allen 1993). Several soil variables control the Cu solubility and thus bioavailability; these include soil pH, soil organic matter, oxidation and reduction potential, soil texture, mineral composition, temperature, and water regime. The mobility of Cu is especially reduced at the presence of large mineral colloids with Fe-Al It is reported that, soil carbonates proved to be another important factor controlling Cu mobility (and thus bioavailability) in soils. It is also found that, the activity of Cu in calcareous soils is to a great extent controlled by the surface precipitation of CuCO 3 (Ponizovsky et al. 2007) . This is especially important in alkaline soils containing high concentrations of carbonates, which is the case for many vineyards. The retention of Cu in calcareous soils through co-precipitation with carbonates is associated with the release of Ca ) had stimulatory effect on growth, dry matter yield and mineral nutrient content of mung bean. Whereas, Cu application beyond these levels (100-250 mg Copper can be presented in several insoluble forms; (1) adsorbed on surface of metal oxides, clay minerals, humic substances and organo-mineral complexes, (2) in structure of secondary minerals or in amorphous iron and manganese oxides; (3) or associated with antigenic sulfides. Gunkel et al. (2003) found that applied Cu was mostly concentrated in the MnO x , FeO x and organic soil fractions. Although the total copper levels were quite low on Cu-enriched plots, ranging from 68-135 mg kg , respectively. The tupelo or black gum of the southeastern United States (Nyssa sylvatica) is remarkable in being able to accumulate as much as 845 mg kg -1 Co from normal soils (Brooks 1977). Plant Cu concentrations are controlled within a remarkably narrow range, and Cu concentrations above 100 mg kg -1 are rarely found in carefully washed plant leaves, even in the presence of high soil Cu. The Cu hyperaccumulators have been found in more than a dozen plant families; some examples are given in Table 3 , and a more complete listing can be found in Reeves and Baker (2000). It should also be noted that most of the Cu accumulators are not restricted to metalliferous soils. Therefore, great care needs to be taken in selecting seed of any of these species for studies connected with metalaccumulation experiments or with studies of their potential for phytoremediation (Reeves 2006) .
Loading limits of Cu in soils
Most studies are limited to the total soil Cu concentration and its distribution among soil components in the orchards receiving long-term application of Cu fungicides It is well documented that, Cu reveals a strong affinity for S, hence its principal minerals are chalcopyrite, CuFeS 2 ; bornite, Cu 5 FeS 4 ; chalcocite, Cu 2 S; and covellite, CuS. During the weathering of copper sulfides, Cu is incorporated in oxide and carbonate minerals of which cuprite, Cu 2 O; tenarite, CuO; malachite, Cu 2 CO 3 (OH) 2 ; and azurite, Cu 2 (CO 3 ) 2 (OH) 2 are the most common. Cu is often associated with sphalerite, ZnS; pyrite, FeS; and galena, PbS. Its ores are commonly found in acid igneous rocks and various sedimentary deposits (Table 4 ; Kabata-Pendias 2011). Cu has a high affinity for peptide and sulphhydryl groups, and thus to cysteine-rich proteins, as well as also for carboxylic and phenolic groups. Therefore, more than 98% of the Cu in plants is present in complexed forms and the concentrations of free Cu 2+ and Cu + is extremely low in the cytoplasm (Broadley et al. 2012 ). Reeves (2006) 13
Ecotoxicology of Copper in Horticultural Soils: A Review
Effects of Cu on soil organisms in horticultural soils
It is found that, there were a number of basic criteria that a microbiological property might be expected to fulfill as an indicator in monitoring soil pollution by metals or other pollutants (Brooks 1995). Soil microbial biomass is considered to be a transformation agent of soil organic materials and a labile pool for plant nutrients. Hence, the change of the soil microbial biomass could lead to a change in the rate of nutrient cycling and the size of the nutrient pool. It is suggested that, soil C mineralization and linked parameters such as CO 2 -C production per unit biomass C and unit time (biomass specific respiration rate) might be useful as indicators for the change of soil function (Brooks 1995). Soil enzyme activities are also useful for detecting changes in soil quality, as they underpin nutrient cycling, and also function as signals of altered microbial community structure caused by environmental impact (Wang et al. 2009 ).
Because of the human and environmental health hazards that may arise from this pollution, setting soil-Cu limits and adequatemanagement practices are necessary to reach sustainability in this type of crop. High Cu contents can harm soil microbial communities, which are the main agents responsible for long-term sustainability of soil ecosystems It is reported that, toxic effects of Cu on the microbial communities in vineyard soils have been observed and the enzyme activities in soil were affected at and above total (Paoletti et al. 1998 ). This approach assumes that earthworms and higher plants are similar in their sensitivity to Cu or that decreased earthworm activity will damage soil structure to the extent that plant growth suffers (Cornforth et al. 2003) .
Environmental risks
The intensive and long-term use of copper salts, promoted, in viticulture over the years, Cu accumulation in soils. Cu is a heavy metal toxic for aquatic and soil organisms, bacteria, fungi and plants it also has a negative effect on human health (Turnlund et al. 2004 ). In soil, Cu is restricted mainly in the top layer because of its ability to tightly bind with carbonates, clay minerals, hydrous oxides of Al, Fe and Mn and organic matter (Mengel et al. 2001 ). Despite its environmental and agricultural importance, the concentration, distribution and fractionation of anthropogenic, and naturally occurring, Cu in soils is poorly known. Although the total Cu content in soils is a useful indicator of soil deficiency and/or contamination, it does not provide enough information about its environmental impact ( Contents of Cu are closely associated with soil texture and usually are the lowest in light sandy soils and the highest in loamy soils. It is found that, Cu toxicity seems to be related to soil texture and a toxicity threshold was established only in light textured soils, for nonbearing potted grapevine and pear plants at a concentration of DTPA-extractable Cu > 141 and 350 mg kg -1 , respectively, while in clay-loam soils, both the fruit species showed the possibility to tolerate levels of DTPAextractable Cu as high as 1000 mg kg -1 with no symptoms on shoot growth (Toselli et al. 2009 ). Cu availability to biota (as a nutrient or toxin) and its mobility are the most important factors to be considered when assessing its effect on the soil environment. Since Cu bioavailability is influenced not only by soil physical and chemical properties, but also by environmental factors such as climate, biological population, and type and source of contaminants, correlation between total and bioavailable Cu cannot be predicted accurately (Pietrzaka and McPhail 2004) .
Cu must be absorbed in small amounts on a daily basis to maintain good health. A daily dietary intake of 1-2 mg is required. However, high levels of Cu can be harmful to health. Inhaling high levels can cause irritation to the nasal passages, mouth, eyes and throat, and ingesting high Cu concentrations can lead to nausea, vomiting and diarrhoea. Exposure to very high levels can damage the liver and kidneys and may lead to death. Copper is classified as a hazardous substance. An excess of Cu may result in Wilson's disease, mostly ending in death (Sharma et al. 2009 ).
Fungicides have received little attention compared with other types of pesticides, such as insecticides and herbicides, despite the likely environmental risks (Wightwick et al. 2010 ). Ecological risks of chemicals detected in the environment are often derived by comparisons with environmental quality values and reported ecotoxicological effects values for key sentinel aquatic species (Wightwick et al. 2012 ). The paucity of ecotoxicological data for fungicides is surprising given their frequency of use and the fact that most do not have specific modes of action and thus are likely to be toxic to a wide range of organisms, not just fungi (Maltby et al. 2009 ). There is a widespread presence of residues of many different organic fungicide compounds in the surface waters of a horticultural-production catchment. Whilst, it appears that the fungicides detected are likely to pose a low ecological risk to fish, aquatic invertebrates, and algae, it is important to note that at present there are few ecotoxicological data available describing the effects of fungicides on aquatic fungi and microorganisms despite the fact that these organisms are likely sensitive to fungicides and play a key role in aquatic ecosystems (e.g., decomposition and nutrient cycling) (Milenkovski et al. 2010 ) as reviewed by Wightwick et al. (2012) .
Possible recommendations
It could be recommended that, phosphate application to soils such as fertilizers can reduce the mobility of risk metals through sorption mechanisms on newly formed phases, but probably not through precipitation of Cu-phosphates as observed, for example, for Pb-phosphates (Pérez-Novo et al. 2009). It could be also recommended that, some management options (e.g., lime, organic matter,...ect.) are applied to soils in residential areas with a total concentration in excess of Cu of 300 mg kg -1 , because this concentration represents a threat to humans health (Cornforth et al. 2003) . On the other hand, lime should be applied to the acidic soils to increase the pH from 6.5 to 7.0 and the organic matter concentration should be maintained or increased by applying organic materials such as compost or peat. Orchard and vineyard soils should be cultivated to mix the topsoil and thus dilute the large concentrations of Cu found in the surface few centimetres (Cornforth et al. 2003) .
It is indicated that, threshold values of total Cu and exchangeable Cu contents indicative of soil Cu pollution cannot be established. However, adequate management practices resulting in soil organic C contents > 2% and pH > 5.5 are recommended for preserving vineyard soil quality (Soler-Rovira et al. 2013).
Significant adverse effects were only found for three bioassays in vineyard samples of one site and for two bioassays in another site. Biological responses in these cases were more importantly explained by other soil properties than soil Cu. Overall, no Cu toxicity to plants, microbial processes and invertebrates was observed in vineyard soil samples at Cu concentrations well above European Union limits protecting the soil ecosystem (Ruyters et al. 2013 ).
It could be provided valuable information for policy and decision-makers, all over the world, to assess the likely risks the use of fungicide compounds in horticultural production systems poses to aquatic ecosystems. To progress toward a more thorough assessment of the ecological risks posed, future research should focus on gaining a better understanding of the ecotoxicological effects of priority fungicides and fungicide mixtures, particularly to the lower trophic levels of aquatic ecosystems (Wightwick et al. 2012 ).
Conclusions
It could be concluded that, Cu compounds applied as pesticides to horticultural soils accumulate in the upper soil layers and some Cu in these soils is attached very strongly to soil particles and organic materials making it unavailable to plants. Despite its environmental and agricultural importance, the concentration, distribution and fractionation of anthropogenic, and naturally occurring, Cu in soils is poorly known. Ecological risks of chemicals detected in the environment are often derived by comparisons with environmental quality values and reported ecotoxicological effects values for key sentinel aquatic species and soil organisms. The paucity of ecotoxicological data for fungicides is surprising given their frequency of use and the fact that most do not have specific modes of action and thus are likely to be toxic to a wide range of organisms, not just fungi. The threshold values of total Cu and exchangeable Cu contents indicative of soil Cu pollution cannot be established. However, adequate management practices resulting in soil organic C contents > 2% and pH > 5.5 are recommended for preserving vineyard soil quality.
